Allantoinase (allantoin amidohydrolase, EC 3.5.2.5) catalyzes the conversion of allantoin to allantoic acid i n the final step of ureide biogenesis. We have purified allantoinase more than 4000-fold by immunoaffinity chromatography from root nodules and cotyledons of soybean (Clycine max [L.] Merr.). We characterized and compared properties of the enzyme from the two sources. Seed and nodule allantoinases had 80% identity in the first 24 amino acid residues of the N terminus. Two-dimensional gel electrophoresis of the purified enzymes showed that multiple forms were present in each. Allantoinases from nodules and cotyledons had very low affinity for allantoin with a K,,, for allantoin of 17.3 mM in cotyledons and 24.4 mM in nodules. Both had activity i n a broad range of pH values from 6.5 to 7.5. I n addition, purified allantoinase from both sources was very heat stable. Enzyme activity was stable after 1 h at 70"C, decreased gradually with heating to 85"C, and was lost at 90 to 95°C. Although these studies have revealed some differences between allantoinases in seeds and nodules, the differences were not reflected in key enzyme properties. The immunoaffinity approach enabled purification of allantoinase from soybean root nodules and simplified i t s purification from cotyledons, thereby allowing characterization and comparison of the enzyme from the two sources.
Both root nodules and seeds make important contributions to nitrogen nutrition in plants, but they function in different ways and at different stages of plant development. In soybean (Glycine max L.) and some other legumes, ureide metabolism is induced by the onset of rhizobial infection and nodulation (Fujihara et al., 1977; Matsumoto et al., 1977a Matsumoto et al., , 1977b Tajima et al., 1977) , and root nodules assimilate recently fixed nitrogen into the ureides allantoin and allantoic acid for export to the shoot (Pate, 1973; Matsumoto et al., 1977a; Herridge et al., 1978) . Soybean seedlings also produce ureides in the absence of infection with rhizobia (Matsumoto et al., 1977a; Polayes and Schubert, 1984) , and ureide production in the cotyledons may contribute to the export of nitrogen reserves to support seedling growth (Webb and Lindell, 1993) . Ureides arise from de novo purine synthesis in nodules (Atkins et al., 1980; Boland and Schubert, 1982) , whereas in cotyledons of germinating seedlings they may arise from both de novo purine synthesis and purine salvage (Polayes and Schubert, 1984) . The presence of ureide biogenesis in nodules and cotyledons provides an opportunity to compare features of the pathway in the two different structures in distinct physiological and developmental contexts.
Studies of nodule-specific proteins, or nodulins, have identified some enzymes of nitrogen assimilation or ureide biogenesis that differ from their counterparts in other plant organs. For example, a nodule-specific isoform of Gln synthetase was identified in Phaseolus vulgaris (Lara et al., 1983 ); however, no major kinetic differences between the nodule-specific isoform and other isoforms were found (Cullimore et al., 1983) . Although recent studies have shown that uricase in soybean root nodules is virtually identical with uricase in seeds (Tajima et al., 1991 (Tajima et al., , 1993 Damsz et al., 1994) , it is distinct from the enzymes responsible for uricase activity in uninfected roots of soybean (Tajima et al., 1983) .
This study focused on allantoinase (allantoin amidohydrolase, EC 3.5.2.5), which catalyzes the hydrolysis of allantoin to allantoic acid in the final step of ureide biogenesis in seeds and nodules. Previous studies of allantoinase in crude preparations (Franke et al., 1965; Thomas et al., 1983; Rao et al., 1988; Reddy et al., 1989) have indicated that there may be tissue-specific isoforms. Webb and Lindell (1993) recently described the purification of allantoinase from soybean seeds. Allantoinase from soybean nodules was previously resistant to purification (Webb, 1988; M.A. Webb and K.R. Schubert, unpublished data) . However, in preliminary studies, the observation that antibodies produced against seed allantoinase also reacted with the nodule enzyme suggested that an immunological approach to purification might be effective. In this study, our initial objective was to purify allantoinase from nodules and cotyledons of soybean (G. max L., cv Williams 82) by immunoaffinity chromatography. We then sought to compare key properties of cotyledon and nodule allantoinase, as a first step in characterizing and comparing features of the enzyme in the two locations.
MATERIALS AND METHODS

Plant Material
Soybean (Glycine max L., cv Williams 82) seeds were chlorite and rinsed well with distilled water. For cotyledon extracts, seeds were planted in a 1:l (v/v) mixture of Plant Physiol. Vol. 107, 1995 perlite/vermiculite, and cotyledons were harvested by dissecting them from the seeds 24 h after imbibition. For root nodules, seeds were inoculated with Bvadyrkizobium japonicum (Nitragin Co., Milwaukee, WI) and planted in a 1:l (v/v) mixture of perlite/vermiculite. Plants were grown in a greenhouse, watered daily, and fertilized twice weekly with nitrogen-free fertilizer. Soybean nodules were harvested 28 d after inoculation, frozen in liquid nitrogen, and stored at -80°C until use.
Protein Extraction
Cotyledons or nodules were ground with a pestle in a chilled mortar in 4 volumes of TBS (20 mM Tris, 500 mM NaCl), pH 7.5, with 0.1% (v/v) of two protease inhibitor solutions (Ronnet et al., 1984) plus DTT (100 p~) , EDTA (10 mM), and 0.1 % (w/w) polyvinylpolypyrrolidone. The first inhibitor solution contained aprotinin (2 mg/mL), leupeptin (1 mg/mL), antipain (2 mg/mL), and benzamide (10 mg/mL), and the second solution contained chymostatin (1 mg/mL) and pepstatin (1 mg/mL) dissolved in DMSO (Ronnet et al., 1984) . Extracts were filtered through two layers of Miracloth and centrifuged at 30,OOOg for 30 min at 4"C, and the supernatant was collected. The supernatant from cotyledon extract was refiltered through two additional layers of Miracloth to remove any remaining lipid from the sample. Next, the supernatants from cotyledon or nodule extracts were filtered through 0.2-pm Millipore (Bedford, MA) filters to remove particulate matter. Extracts were kept on ice until they were used.
Anti-Allantoinase Antibodies
The polyclonal antibodies used in these studies were made against native allantoinase purified from soybean seeds, as detailed by Webb and Lindell (1993) .
lmmunotitrations
The appropriate amount of antibody was added to 50 pL of crude extract from either seeds or nodules in either 0.1 M Tes, pH 7.5, or 20 mM bis-Tris, pH 6.2, in a microcentrifuge tube. TBS was added as necessary to bring the total volume to 75 pL. Solutions were incubated at room temperature for 1 h and centrifuged at 2000g for 5 min at 4°C. Aliquots of 10 pL were removed from the supernatant for assay.
Affinity Column Preparation and lmmunoaffinity Chromatography
An Affinica Antibody Orientation kit (Schleicher & Schuell) was used to prepare the antibody affinity column according to package directions. Before use the affinity column was equilibrated in TBS. Cotyledon or nodule extracts were passed through the column at room temperature at a flow rate of 0.3 mL/min. Unbound protein was washed through the column with 75 mL of TBS, and bound protein was eluted from the column in 5 mL of 8.0 M urea in 0.05 M Tris (pH 8.0). The column eluate was dialyzed overnight in two changes of 0.05 M Tes (pH 7.5). Protein was precipitated by the addition of 7 volumes of cold acetone to the eluate and incubated at -20°C overnight. The precipitate was collected by centrifugation at 30,00Og, and the pellet was dissolved in 0.05 M Tes (pH 7.5).
Allantoinase Activity Assay
The assay for allantoinase activity was based on procedures modified by Schubert (1981) from Vogels and van der Drift (1970) . A11 assays were performed in duplicate, and controls were included to account for nonenzymatic degradation of allantoin and endogenous allantoic acid in the extracts. A unit of activity was defined as the amount of enzyme that catalyzed the formation of 1 pmol of allantoic acid/min at 30°C.
Protein Determination
Protein concentrations were determined by the method of Bradford (1976) or with the Pierce (Rockford, IL) Micro BCA protein assay reagent (Smith et al., 1985) .
Cel Electrophoresis and Western Blot Analysis
Protein extracts were separated by SDS-PAGE with a bis:acrylamide ratio of 0.8:30 (w/w) and an acrylamide concentration of 12.5%, according to the method of Laemmli (1970) in a Bio-Rad mini-gel apparatus. Gels were stained with silver or Coomassie brilliant blue (Merril, 1990) . For two-dimensional gel electrophoresis, firstdimension tube gels were prepared according to Bio-Rad Mini-Protean 2-D instructions with LKB Ampholines, pH 3.5 to 9.5 and pH 7 to 9. Second-dimension slab gels were prepared according to Laemmli (1970) . For western blot analysis, proteins were electroblotted onto nitrocellulose and probed with anti-allantoinase antibodies as described previously (Webb and Lindell, 1993) 
N-Terminal Sequencing
Affinity-purified allantoinase was subjected to SDS-PAGE according to the method of Yuen et al. (1986) for N-terminal sequence analysis. After electrophoresis, proteins were electroblotted onto ProBlott (Foster City, CA) membrane and stained with Coomassie brilliant blue R-250 (Matsudaira, 1987) . Protein bands corresponding to a molecular mass of 30 kD were excised from the membrane.
The N-terminal sequence was determined with an Applied Biosystems (Foster City, CA) model 477A Pulsed-Liquid sequencer.
K m Determination
The X m of affinity-purified allantoinase from seeds and nodules was determined with allantoinase assays of both samples in concentrations of allantoin from 2.5 to 25 mM. Controls were included as described for each substrate concentration.
Determination of pH Optima
Samples of purified allantoinase were assayed in 0.1 M Mes in the range of pH 5.0 to 6.5 or 0.1 M bis-Tris propane in the range of pH 6.0 to 10.0 at intervals of 0.5 pH unit. Controls were included as described for each pH point assayed.
Analysis of Heat Stability
Samples of purified allantoinase were heated in a water bath. The temperature of the sample was monitored continuously, and 50-juL aliquots were removed from the sample at intervals of 5°C between 70 and 95°C. Aliquots were immediately added to 1 mL of assay buffer and held at room temperature until the experiment was completed.
Samples were then assayed immediately. During heating from 70 to 95°C, the temperature increased at a rate of approximately 0.5°C/min. In a second experiment allantoinase was rapidly heated to 70°C and held at that temperature for 1 h. Samples were removed at 15-min intervals, added to assay buffer, and assayed after completion of the experiment as above.
RESULTS
To determine whether antibodies against seed allantoinase were cross-reactive with the enzyme in nodules, the antibodies were tested for their ability to titrate activity in a crude extract of nodule proteins. Addition of increasing amounts of anti-allantoinase to both crude seed and nodule extracts reduced allantoinase activity, whereas no reduction in activity was seen with addition of preimmune sera (Fig. 1) . Activity was reduced more in seed extracts than in nodule extracts.
Because these results suggested that an immunological approach could be used to purify the nodule enzyme, anti-allantoinase antibodies were used to prepare an immunoaffinity column. Allantoinase from nodules was purified 4830-fold with this column to a final specific activity of 48.3 jumol min" 1 mg" 1 protein (Table I) . Silver-stained SDS-PAGE gels of affinity-purified protein showed a single polypeptide of 30 kD, which was not prominent in crude extracts (Fig. 2, A and B) . Western blot analysis of columnpurified protein probed with anti-allantoinase also revealed a single immunologically detectable polypeptide corresponding to 30 kD that reacted weakly (Fig. 2D) . The 30-kD polypeptide was not detected when crude extracts of nodule proteins were probed with anti-allantoinase (Fig. 2C) .
The immunoaffinity column also enabled purification of allantoinase from cotyledons for characterization and comparison with the purified nodule enzyme. Allantoinase was purified 4160-fold from cotyledons to a specific activity of 41.6 /umol min" 1 mg" 1 protein (Table II) . Analysis of column eluate by SDS-PAGE revealed a 30-kD polypeptide in silver-stained gels (Fig. 3A) . Western blot analysis of column-purified protein probed with anti-allantoinase showed that the 30-kD polypeptide was strongly reactive and revealed additional reactive bands at 45 and 50 kD (Fig. 3B) er with purified seed allantoinase than with an equivalent amount of purified nodule allantoinase (Figs. 2D and 3B) . The purified enzyme preparations were separated by two-dimensional gel electrophoresis, blotted onto nitrocellulose, and probed with anti-allantoinase. Approximately six to eight immunoreactive spots were observed in western blots of cotyledon and nodule enzymes, indicating that multiple forms of the 30-kD polypeptide were present in both (Fig. 4) . Similar patterns were observed for cotyledon and nodule allantoinases, with multiple forms being spaced equidistantly and spanning similar pi values. In these blots the immunoreaction with purified nodule allantoinase (Fig. 4A ) was also weaker than that with an equivalent amount of seed allantoinase (Fig. 4B) .
For sequence comparison, the amino acid sequence of nodule allantoinase was determined for the first 24 residues of the N terminus of nodule allantoinase. The nodule sequence had 80% identity (Fig. 5 ) with the N-terminal sequence of seed allantoinase (Webb and Lindell, 1993) . Neither sequence shared any significant similarity with other sequences in computer data banks, including sequences for allantoinase in yeast (Buckholz and Cooper, 1991) . Seed and nodule allantoinases had high X m values for allantoin of 17.3 and 24.4 mM, respectively (Fig. 6 ). Both enzymes were active over a broad range of pH values from 6.5 to 7.5, with half-maximal activity at pH 5.3 and 8.5 (data not shown).
Allantoinases purified from seeds and nodules were remarkably stable to high temperature. The enzymes retained close to the initial activity for up to 1 h of heating at 70°C (Fig. 7) . Activity in both seeds and nodules decreased gradually with heating above 70°C and was lost above 85°C (Fig. 8) . Nodule and seed allantoinases held at room temperature for 24 h retained full activity (data not shown).
DISCUSSION
Immunoaffinity Purification
Immunoaffinity chromatography provided a rapid and effective means of purifying allantoinase from soybean cotyledons and root nodules. The affinity column approach enabled the first purification of the nodule enzyme, which had been resistant to previous attempts at purification (Webb, 1988; MA. Webb and K.R. Schubert, unpublished data) . Nodule allantoinase showed an increase in total activity with purification, suggesting the presence of an inhibitor of enzyme activity in the crude extracts. Immunoaffinity purification also simplified purification of allantoinase from soybean seeds over the conventional procedure developed previously (Webb and Lindell, 1993) , which was lengthy and required special equipment. The ability to readily purify allantoinase allowed us to characterize and compare properties of the enzyme in cotyledons and nodules.
Properties of Allantoinase
Purified nodule and cotyledon enzymes had the same molecular mass, identical with that obtained previously for seed allantoinase (Webb and Lindell, 1993 ) and both exhibited similar patterns after two-dimensional gel electrophoresis (Fig. 4) . Analysis of the N-terminal amino acid sequences revealed differences in at least three residues among the first 24 amino acids. Since two residues in the seed sequence were undetermined (Fig. 5 ) and some were ambiguous (Webb and Lindell, 1993) , the differences may extend further. The observed differences in affinity of antiallantoinase for cotyledon and nodule enzymes in western blot analysis (Figs. 2B and 3B ) indicated that the two proteins do not present identical epitopes, suggesting additional sequence disparity beyond the N termini. The inability of the antibodies to recognize allantoinase in crude nodule extracts may have been due in part to differences between the antigens. However, reactivity was sufficient to recognize the purified nodule allantoinase.
Previous investigators of allantoinase have consistently reported that the partially purified enzyme had a high K m for allantoin, indicating a low affinity for this substrate. Previously reported values for soybeans included 10 ITIM in shoots (Thomas et al., 1983) , 6.7 mM in seeds (Franke et al., 1965) , and 50 mM in nodules (M.A. Webb and K.R. Schubert, unpublished data) . In this study, we determined the K m for allantoin of purified allantoinase and found high values in both seeds and nodules of 17.3 and 24.4 mM, respectively. Allantoinases purified from other plant sources have generally shown a high K m for allantoin, including 14 mM in germinating castor beans (Ory et al., 1969) , 13 mM in nodules of Cajanus cajun (Amarjit and Singh, 1985) , and 40 mM in mung bean (Nagai and Funuhashi, 1961) and french bean (Wells and Lees, 1992) . The low affinity for allantoin suggests that allantoinase is compartmented within the cell in proximity to high concentrations of substrate. Allantoinase from other plant sources had a pH optimum between 7.5 and 8 when crude or partially purified extracts were assayed (Nagai and Funahashi, 1961; Franke et al., 1965; Singh et al., 1970; Nirmala and Sastry, 1975; Thomas et al., 1983; Amarjit and Singh, 1985) . An exception was allantoinase from Dolichos seedlings, which had biphasic optima at pH 4.0 and 7.5 (Mary and Sastry, 1978) . In this study, purified allantoinases from soybean seeds and nodules had a broad range of optimal activity from pH 6.5 to 7.5.
Many previous studies have shown that allantoinase in crude extracts from a variety of plant sources was stable to heating (Franke et al., 1965; Singh et al., 1970; Nirmala and Sastry, 1975; Mary and Sastry, 1978; Thomas et al., 1983; Amarjit and Singh, 1985; Webb, 1988; Webb and Lindell, 1993) . In this study, we have shown that purified allantoinase from both cotyledons and nodules retained activity for up to 1 h at 70°C and retained some activity up to 85°C. This remarkable stability to heat is apparently unique to plant allantoinases, because allantoinases from animal and bacterial sources are not stable to temperatures above 55°C (Vogels et al., 1966) .
Thermostability in proteins is not well understood. Previous studies have not found common determinants in different heat-stable proteins. In some cases, stability is intrinsic to the protein; alternatively, it may be conferred by extrinsic factors such as heat-shock proteins (Minton et al., 1982) , ions, sugars, or other co-factors (Amelunxen and Murdock, 1978) . Our data showing that purified allantoinase retains activity at high temperatures indicate that the enzyme is intrinsically stable. Previous research suggested that features such as hydrogen bonds, salt bridges, and nonpolar bonds are important in stabilizing proteins to withstand high temperatures and that differences between related heat-stable and heat-labile proteins may be slight (Perutz and Raidt, 1975) . Heat stability often accompanies stability to other denaturants as well (Amelunxen and Murdock, 1978) . A key feature facilitating immunopurification of allantoinase was the ability to recover activity after elution from the immunoaffinity column with 8 M urea.
Allantoinase in Relation to Nodulins
The study of nodule-specific proteins, or nodulins, has contributed greatly to an understanding of symbiotic interactions (Legocki and Verma, 1980; Verma et al., 1992) , and comparisons of nodule enzymes with their counterparts in other tissues have revealed differences potentially related to nodule physiology. Allantoinase is not unique to nodules and, therefore, is not a nodulin, but sequence data and differences in immunoreactivity suggest that a nodulespecific form is present in soybean. Other studies have provided evidence that some enzymes of ureide metabolism are specifically induced during nodule development (Verma et al., 1986) . However, reexamination of uricase, the enzyme preceding allantoinase in the ureide biogenesis pathway, has shown that it is present in seeds and that differences between the seed and nodule enzyme are minimal (Tajima et al., 1991 (Tajima et al., , 1993 Damsz et al., 1994) . Thus, uricase is also not a nodulin, as it was previously considered to be. Additional comparisons of seed and nodule enzymes in this pathway will enhance understanding of features related to nitrogen assimilation in the legumeRhizobium symbiosis.
